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TSC Patient-Derived Isogenic Neural Progenitor Cells Reveal Altered Early Neurodevelopmental Pheno-
types and Rapamycin-Induced MNK-eIF4E Signaling
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Background: Tuberous sclerosis complex (TSC) is a neurodevelopmental disorder with frequent occurrence of epilepsy,
autism spectrum disorder (ASD), intellectual disability (ID), and tumors in multiple organs. The aberrant activation of
mTORC1 in TSC has led to treatment with mTORC1 inhibitor rapamycin as a lifelong therapy for tumors, but TSC-
associated neurocognitive manifestations remain unaffected by rapamycin. Methods: Here, we generated patient-specific,
induced pluripotent stem cells (iPSCs) from a patient with TSC with a heterozygous, germline, nonsense mutation in exon
15 of TSC1 and established an isogenic set of heterozygous (Het), null, and corrected wild-type (Corr-WT) iPSCs using
CRISPR/Cas9-mediated gene editing. We differentiated these iPSCs into neural progenitor cells (NPCs) and examined neu-
rodevelopmental phenotypes, signaling, and changes in gene expression by RNA-seq. Results: Differentiated NPCs revealed
enlarged cell size in TSC1-Het and Null NPCs, consistent with mTORC1 activation. TSC1-Het and Null NPCs also revealed
enhanced proliferation and altered neurite outgrowth in a genotype-dependent manner, which was not reversed by rapamycin.
Transcriptome analyses of TSC1-NPCs revealed differentially expressed genes that display a genotype-dependent linear
response, that is, genes upregulated/downregulated in Het were further increased/decreased in Null. In particular, genes
linked to ASD, epilepsy, and ID were significantly upregulated or downregulated, warranting further investigation. In TSC1-Het
and Null NPCs, we also observed basal activation of ERK1/2, which was further activated upon rapamycin treatment.
Rapamycin also increased MNK1/2-eIF4E signaling in TSC1-deficient NPCs. Conclusion: MEK-ERK and MNK-eIF4E pathways
regulate protein translation, and our results suggest that aberrant translation distinct in TSC1/2-deficient NPCs could play a
role in neurodevelopmental defects. Our data showing upregulation of these signaling pathways by rapamycin support a
strategy to combine an MEK or an MNK inhibitor with rapamycin that may be superior for TSC-associated central nervous
system defects. Importantly, our generation of isogenic sets of NPCs from patients with TSC provides a valuable platform for
translatome and large-scale drug screening studies. Overall, our studies further support the notion that early developmental
events such as NPC proliferation and initial process formation, such as neurite number and length that occur prior to neuronal
differentiation, represent primary events in neurogenesis critical to disease pathogenesis of neurodevelopmental disorders
such as ASD.

Commentary

Tuberous sclerosis complex (TSC) is an autosomal dominant

neurocutaneous disease with an estimated incidence of 1:6000

to 1:10 000 live birth caused by pathogenic variants in TSC1

(hamartin) or TSC2 (tuberin) genes that together with TBC1D7

act as the main negative regulator of the mechanistic target of

rapamycin (mTOR) signaling pathway. Mechanistic target of

rapamycin further associates in 2 protein complexes, mTORC1

and mTORC2, that manifest distinct roles.1 In the brain,

mTORC1 regulates protein and lipid synthesis, cell growth,

metabolism, and autophagy and has established functions in

neuronal excitability, memory formation, and learning.

mTORC2 is primarily involved in the maintenance of cytoske-

letal integrity and cell migration.1,2 Hyperactivation of the

mTOR signaling pathway subsequent to loss-of-function var-

iants in either TSC1 or TSC2 results in abnormal cellular mor-

phology, proliferation, and multi-organ hamartomatosis.1

Sirolimus (rapamycin) and everolimus (Afinitor) are macrolide

derivatives that were identified as potent mTORC1 inhibitors,

and their clinical use demonstrated efficacy for the treatment of

renal angiomyolipoma, subependymal giant cell astrocytoma

(SEGA), and lymphangioleiomyomatosis.1 A mouse model of

TSC with conditional inactivation of the Tsc1 gene in glial

fibrillary acidic protein (GFAP)-positive cells (Tsc1GFAPCKO
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mice) manifested time-dependent control of epilepsy when

treated with sirolimus. Early treatment prior to the develop-

ment of clinical seizures at postnatal day 14 suppressed the

onset of experimental epilepsy for the duration of treatment,

while treatment after spontaneous seizures were well estab-

lished and resulted in an improvement but not a full control

of seizures.3 Clinical trials paralleled the preclinical experi-

ence, and treatment of patients with TSC-related medically

refractory epilepsy with everolimus resulted in a significant

reduction in seizure frequency, although most patients with

TSC did not become seizure-free.4-6 Furthermore, epilepsy-

related burden is only one of several challenging consequences

of TSC, as patients typically also manifest autism spectrum

disorder and a variable degree of intellectual disability.1,2

While modulating hyperactive mTOR pathway with everoli-

mus may lead to a meaningful improvement in epilepsy, its

effect on cognition and behavior remains less well defined.

Although preclinical data suggested improvement, a 6-month

long administration of everolimus to children with TSC in a

randomized, placebo-controlled trial showed a possible trend

but not a statistically significant improvement in neurocogni-

tive functioning or in behavior, and similar results were noted

in EXIST-3 substudy in Japan.5,7 Considering the logistical

challenges of these trials (patient heterogeneity, confounding

effects of medications, comorbid conditions, and others),

results of these clinical studies hardly mean absolute lack of

efficacy but rather highlight the biological complexity that

underlies neurocognitive dysfunction in TSC. As illustrated

in the Tsc1GFAPCKO model, sirolimus administration before

the clinical onset of seizures ameliorated progressive astroglio-

sis and abnormal neuronal organization, and it suppressed the

development of interictal and ictal abnormalities.3 Treatment

timing may similarly be critical when aiming to salvage cogni-

tion. Furthermore, individual genetic background may influ-

ence the neurological phenotype and treatment response, and

this variable is difficult to model in a mouse. The application of

patient-specific induced pluripotent stem cells (iPSCs) is trans-

cending some limits inherent to genetic mouse models since

iPSCs preserve patients’ genetic background and are amenable

to molecular research and drug testing.

Martin et al took advantage of the unique attributes of the

iPSC model system as they aimed to contribute toward a deeper

understanding of neurocognitive consequences observed in

TSC. They explored molecular effects of a private TSC1 gene

pathogenic variant and the effects and limitations of sirolimus

(rapamycin) in patient-specific skin fibroblast-derived iPSCs.8

The patient affected by TSC carried a truncating nonsense

variant in TSC1 exon 15 (1746C>T, Arg509X). Using

CRISPR/Cas9 technique, the investigators generated a null

TSC1-iPSCs as well as “corrected” wild-type (Corr-WT) of the

heterozygous TSC1-Het iPSCs with TSC1 (1746C>T,

Arg509X) variant. The isogenic iPSCs (Het, Null, and Corr-

WT) were then differentiated into neural progenitor cells

(NPCs). As would be expected, compared to Corr-WT, the

TSC1-Het and Null NPCs were larger in size and they prolif-

erated faster in a dose-dependent manner, a finding consistent

with the activation of mTORC1 complex reflected in down-

stream increase in expression levels of the phosphoribosomal

protein S6. The TSC-Het and Null also showed increased num-

ber and length of neurites. Signaling through mTORC1 and

mTORC2 complexes was shown to be important for the devel-

opment and morphology of dendrites and axonal outgrowth.2

Administration of rapamycin reduced cell size but not the pro-

liferation rate, and it did not affect neurite length or number.

This finding is supported by prior experimental studies in a

Tsc1 knockout mice, which has shown that dendritic patterning

is modulated in an mTOR-independent manner through

mitogen-activated protein kinases (MEK) that regulate phos-

phorylation of extracellular signal-regulated kinases (ERK).2,9

The MEK-ERK was shown to be aberrantly activated in

SEGAs,8 and a similar activation and elevation of phosphory-

lated ERK (pERK) was noticed in the current study. Interest-

ingly, pretreatment with rapamycin, while blocking mTORC1

activation, led to a significant increase in pERK1/2 in TSC-Het

and Null and it was abolished by an application of MEK inhi-

bitor trametinib. An MEK-related pathway and interaction

important for the dynamic process of neuronal synaptic plasti-

city is mitogen-activated protein kinase–interacting kinase

(MNK). The MNK phosphorylates and thus regulates the bind-

ing of eukaryotic translation initiation factor 4E (eIF4E) to its

target proteins, such as fragile X mental retardation protein

(FMRP) and cytoplasmic fragile X protein-interacting protein

1 (CYFIP1). The FMRP/CYFIP1 complex then regulates

FMRP targets and messenger RNAs involved in cytoskeletal

regulation and growth.10 In the study by Martin et al, the base-

line phosphorylation status of eIE4A was comparable among

Corr-WT, TSC-Het, and Null, but rapamycin application led to

PI3K-dependent activation of MNK-eIE4A signaling. These

findings, at least in part, may explain the sustained cellular

proliferation and neurite length and number despite rapamycin

treatment. Transcriptome comparative profiling of the TSC-

Het and Null versus Corr-WT uncovered 107 differentially

expressed genes shared between TSC-Het and Null, and 29

of 107 genes showed gene dose-dependent up- or downregula-

tion. Among the dysregulated genes were the zinc-finger fam-

ily of DNA-binding transcription factors, transcriptional

regulators, and notably PCDH19, PCDH10, ANXA1, CNTN6,

and HLA-B with a known association with epilepsy, ASD,

and ID.

To date, most human neuronal models have evaluated mole-

cular consequences of TSC2 defects,11 while the study by Mar-

tin et al assessed dose-dependent effects and consequences of a

mutant TSC1 gene, an important complement to the research on

cellular phenotypic impact of pathogenic variants in the 2 main

TSC genes. Results contribute to an emerging body of litera-

ture, indicating that early abnormalities in the proliferation of

NPCs, neurite outgrowth, and migration likely contribute to a

subsequent development of neurocognitive dysfunction later in

life. This work also shows that TSC1 loss-related early neuro-

developmental phenotypes do not exclusively depend on

mTORC1 activation. This suggests that activation of an alter-

native signaling pathway mediated by MEK-ERK and MNK-
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eIF4A mechanisms may be contributory to the cognitive and

neuropsychiatric consequences of TSC. While the authors demon-

strate effective selective inhibition of MEK-ERK and MNK-

eIF4A pathways in NPCs on protein levels, it remains unclear

whether this translates into a normalized cellular phenotype. Simi-

larly, the study stops short of testing the effect of a combined

inhibition of mTORC1 and MEK-ERK and MNK-eIF4A path-

ways on the NPC phenotype. Furthermore, there is an absence of

cellular electrophysiology to relate the findings of perturbed tran-

scriptome and molecular and cellular phenotypes to epilepsy.

Aside from some of these immediate questions, this study makes

one wonder about processes and adaptive changes that occur

either as early sequelae of TSC1 gene deficiency or following

treatment with rapamycin analogs at different stages of neural and

disease development. It also highlights candidate therapeutic tar-

gets that will need further exploration in search for treatment and

prevention of epilepsy and cognitive consequences of TCS.
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ORCID iD

Alica Goldman https://orcid.org/0000-0002-5491-5746

References

1. Peron A, Au KS, Northrup H.Genetics, genomics, and genotype-

phenotype correlations of TSC: insights for clinical practice. Am J

Med Genet C Semin Med Genet. 2018;178(3):281-290.

2. Crino PB. The mTOR signalling cascade: paving new roads to

cure neurological disease. Nat Rev Neurol. 2016;12(1):379-392.

3. Zeng LH, Xu L, Gutmann DH, Wong M. Rapamycin prevents

epilepsy in a mouse model of tuberous sclerosis complex. Ann

neurol. 2008;63(3):444-453.

4. Krueger DA, Wilfong AA, Mays M, et al. Long-term treatment of

epilepsy with everolimus in tuberous sclerosis. Neurology. 2016;

87(23):2408-2415.

5. Mizuguchi M, Ikeda H, Kagitani-Shimono K, et al. Everolimus for

epilepsy and autism spectrum disorder in tuberous sclerosis com-

plex: EXIST-3 substudy in Japan. Brain Dev. 2019;41(1):1-10.

6. French JA, Lawson JA, Yapici Z, et al. Adjunctive everolimus

therapy for treatment-resistant focal-onset seizures associated

with tuberous sclerosis (EXIST-3): a phase 3, randomised,

double-blind, placebo-controlled study. Lancet. 2016;388(10056):

2153-2163.

7. Krueger DA, Sadhwani A, Byars AW, et al. Everolimus for treat-

ment of tuberous sclerosis complex-associated neuropsychiatric

disorders. Ann Clin Transl Neurol. 2017;4(12):877-887.

8. Martin P, Wagh V, Reis SA, et al. TSC patient-derived isogenic

neural progenitor cells reveal altered early neurodevelopmental

phenotypes and rapamycin-induced MNK-eIF4E signaling. Mol

Autism. 2020;11:2. doi:10.1186/s13229-019-0311-3.

9. Asati V, Mahapatra DK, Bharti SK. PI3K/Akt/mTOR and Ras/

Raf/MEK/ERK signaling pathways inhibitors as anticancer

agents: structural and pharmacological perspectives. Eur J Med

Chem. 2016;109:314-341.

10. Bramham CR, Jensen KB, Proud CG. Tuning specific translation

in cancer metastasis and synaptic memory: control at the MNK-

eIF4E axis. Trends Biochem Sci. 2016;41(5):847-858.

11. Afshar Saber W, Sahin M. Recent advances in human stem cell-

based modeling of tuberous sclerosis complex. Mole Autism.

2020;11(1):16.

164 Epilepsy Currents 20(3)

https://orcid.org/0000-0002-5491-5746
https://orcid.org/0000-0002-5491-5746
https://orcid.org/0000-0002-5491-5746
https://orcid.org/0000-0002-5491-5746
https://orcid.org/0000-0002-5491-5746


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


